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Abstract 

Background: Cabernet Sauvignon grapevines were exposed to a progressive, increasing water defict over 16 days. 
Shoot elongation and photosynthesis were measured for physiological responses to water deficit. The effect of 
water deficit over time on the abundance of individual proteins in growing shoot tips (including four immature 
leaves) was analyzed using nanoflow liquid chromatography - tandem mass spectrometry (nanoLC-MS/MS). 

Results: Water deficit progressively decreased shoot elongation, stomatal conductance and photosynthesis after 
Day 4; 2277 proteins were identified by shotgun proteomics with an average CV of 9% for the protein abundance 
of all proteins. There were 472 out of 942 (50%) proteins found in all samples that were significantly affected by 
water deficit. The 472 proteins were clustered into four groups: increased and decreased abundance of early- and 
late-responding protein profiles. Vines sensed the water deficit early, appearing to acclimate to stress, because the 
abundance of many proteins changed before decreases in shoot elongation, stomatal conductance and 
photosynthesis. Predominant functional categories of the early-responding proteins included photosynthesis, 
glycolysis, translation, antioxidant defense and growth-related categories (steroid metabolism and water transport), 
whereas additional proteins for late-responding proteins were largely involved with transport, photorespiration, 
antioxidants, amino acid and carbohydrate metabolism. 

Conclusions: Proteomic responses to water deficit were dynamic with early, significant changes in abundance of 
proteins involved in translation, energy, antioxidant defense and steroid metabolism. The abundance of these 
proteins changed prior to any detectable decreases in shoot elongation, stomatal conductance or photosynthesis. 
Many of these early-responding proteins are known to be regulated by post-transcriptional modifications such as 
phosphorylation. The proteomics analysis indicates massive and substantial changes in plant metabolism that 
appear to funnel carbon and energy into antioxidant defenses in the very early stages of plant response to water 
deficit before any significant injury. 



Background 

Technical and analytical advances over the last decade have 
dramatically changed our capabilities for gene discovery 
and functional genomics. Today there are many more 
transcriptomics analyses published than proteomics ana- 
lyses of plants [1]. Metabolites are the direct product of en- 
zymatic reactions and the correlation of transcriptomics 
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and proteomics profiles are generally 50% or lower, empha- 
sizing the need for a greater focus on proteomics to fully 
understand plant growth and metabolism and their 
responses to environmental stress. 

Ion toxicity and water deficit contribute to the inhibition 
of growth of most salt-stressed plants [2-4]. Osmotic 
shock experiments are typically performed to separate 
osmotic from ion toxicity effects [2,3]- This type of experi- 
ment can provide useful information on the initial 
responses to sudden and severe stress [5-7], however, a 
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gradual application of stress reveals a more complex plant 
response to the stress [5]. 

In an earlier study [8], we investigated the gradual 
effects of water deficit and salinity on the proteome of 
two grapevine cultivars, Chardonnay and Cabernet 
Sauvignon. Three time points (0, 8 and 16 days) were 
examined at the protein level only. Distinct differences 
in response to the stresses were found between the culti- 
vars, but the time course lacked the resolution to discern 
early events in the responses of the vines to stress. 

In order to gain deeper insights into the response of 
grapevine to water deficit and salinity, a larger number 
of time points were collected from a single cultivar, and 
transcript and metabolite profiles were assayed from ali- 
quots of the same samples. Water deficit and salinity 
stress were applied gradually over a 16-day-period to 
pot-grown Cabernet Sauvignon vines in the greenhouse 
[9]. Water was withheld over the course of the expe- 
riment for some plants and salt (NaCl:CaCl 2 equal 
to 10:1) was applied gradually to other vines to effect- 
ively mimic the drop in stem water potential in the 
water-deficit-stressed vines. There were large and dis- 
tinct differences in steady-state transcript abundance as 
measured by microarray analysis among the control, 
water-deficit and salt-stressed vines [9]. Stress lowered 
stem water potentials equally in the stressed vines, but 
the growth of water-deficit-stressed vines was reduced 
more severely than salt-stressed vines. The inhibition of 
shoot elongation was detected 4 days after application of 
the stress treatments even though significant differences 
in stem water potentials were not detectable. The first 
significant differences in transcript abundance due to 
stress were detectable after 8 days of stress treatment 
when water potential began to decline significantly. 
Significant differences were found between the stress 
treatments in both the timing and the abundance of 
transcripts affected by the stress. Metabolite profiles of 
sugars, organic acids and amino acids were linked to 
transcript profiles revealing that photosynthesis, gluco- 
neogenesis and photorespiration were affected by the 
stress treatments. Water-deficit-treated vines appeared 
to have greater demand for osmotic adjustment and de- 
toxification of free radicals produced by photoinhibition 
than salt-stressed vines. 

In the present proteomics study, a similar water deficit 
experiment was repeated to get additional details on the 
physiological and metabolic responses of Cabernet 
Sauvignon vines. One striking discovery from this ana- 
lysis was that there were massive changes in protein 
abundance in a number of metabolic pathways prior to 
the inhibition of growth and photosynthesis. The early 
changes in protein abundance (e.g. increase in photosyn- 
thetic proteins and decrease in growth-related proteins) 
appear to be an acclimation response in anticipation of 



an upcoming water deficit. The later changes in protein 
abundance appear to be largely in response to significant 
stress injury (e.g. photorespiration). 

Results 

The water deficit experiment was repeated in a similar 
manner as before [9] with 2-year-old Cabernet Sauvignon 
grapevines grown in pots in a greenhouse under nearly 
identical conditions. Control vines were watered daily with 
tap water, whereas water-deficit-treated vines were not irri- 
gated. Shoot elongation, photosynthesis, leaf conductance 
and pot weight were monitored over the course of the 
16-day experiment to determine how the stress progressed. 

Pot weight declined immediately after the start of the 
experiment and reached about 10% relative water con- 
tent by Day 16 (Figure 1A). Vine growth, stomatal con- 
ductance and photosynthesis declined significantly by 
Day 6 for nonirrigated vines (Figure IB, C, D, E, and F). 
Shoot elongation was measured every two days, there- 
fore the decline at Day 6 actually began sometime be- 
tween Day 4 and 6. Shoot elongation rate (Figure 1C) 
was a more sensitive indicator of stress, making it easier 
to visualize the stress effects than either shoot length 
(Figure IB) or relative shoot elongation rate (Figure ID). 
Photosynthesis measurements were measured over a 
5-minute period, and were essentially instantaneous at 
the moment of measurement. Shoot elongation had 
stopped and stomata were nearly closed by Day 12 
(Figure 1C and E). Photosynthesis was inhibited progres- 
sively with time after Day 4 in the nonirrigated vines 
(Figure IF). 

Proteins were extracted from the growing shoot tips 
(apex, stem, tendrils and four immature leaves) with a 
modified phenol-based protocol that is regularly used in 
the Cramer lab [10] and digested with trypsin in prepar- 
ation for peptide analysis using nanoflow liquid 
chromatography-mass spectrometry (nanoLC-MS/MS). 
Peptide spectra were analyzed and quantified using both 
open source and custom-based bioinformatics software 
(see Methods for details). Protein identifications were 
filtered and false discovery rates (FDRs) calculated. Pro- 
tein quantity was estimated as normalized spectral abun- 
dance factors (NSAF; see Methods). Approximately 
27,000 spectra per sample were assigned to peptides 
matching 2277 Vitis vinifera proteins in the UniProtKB 
database (Additional file 1). The average CV for all 2277 
proteins was approximately 9%. 

Gene ontology (GO) categories of the identified pro- 
teins were downloaded from the UniProt database 
(uniprot.org) and assessed in BinGO (Additional file 2). 
There were hundreds of categories (850) with 240 sig- 
nificantly over-represented GO categories compared to 
the whole proteome at UniProt after FDR correction. 
Thus, there was wide representation of different classes 
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Figure 1 Physiological responses of Cabernet Sauvignon grapevines to water deficit. A time course of measurements of A) pot relative 
water content, B) shoot elongation, C) shoot elongation rate, D) relative shoot elongation rate, E) photosynthesis and F) stomatal conductance of 
grapevines in control (closed blue circles, solid line) and water deficit treatment (closed orange squares, dotted line). Data are the means ± SE; n = 5. 



of proteins in this dataset. The major categories included 
protein metabolic process, translation, organic acid me- 
tabolism, sugar metabolism, photosynthesis and protein 
folding. 

The proteins were placed into absent (0) or present (1) 
categories for each treatment (Additional file 1). If any 
treatment had a protein missing in at least one of its 
replicates it was designated as absent. For example, 942 
of the 2277 proteins were present in all replicates in all 
treatments (Additional file 1, key = 11111111 for Con- 
trol Day 4, 8, 12, 16, Water Deficit Day 4, 8, 12, 16, 
respectively). Twenty- three proteins were present in the 
control vines, but missing altogether from the 
nonirrigated vines in at least one of the replicates for 
each day of the water deficit treatment (key = 11110000); 



another 125 proteins were missing in nonirrigated vines 
on Day 16 (key = 11111110) and 69 proteins were missing 
in nonirrigated vines on Day 12 and 16 (key = 11111100). 
Another interesting group of 20 proteins was consistently 
present on Day 12 and 16 of the water deficit treatment 
(key = 00000011). Some of these proteins may be missing 
because their average abundance was near the threshold 
for detection and were simply missing from a sample due 
to random variation. In other cases (e.g. key = 11111110; 
00000011), some of the proteins in this category had 
substantial spectral counts and then disappeared or 
appeared on the specific day (e.g. Day 12 or 16 of the 
water deficit treatment). 

NSAF data were analyzed further for the 942 proteins 
present in all samples. Treatment effects and their 
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interaction with time were analyzed by 2 -way ANOVA 
with a FDR of 0.05 using the MultiExperiment Viewer 
(MeV) in the TM4 software package [11]. There were 431 
and 241 proteins affected significantly by the stress treat- 
ment and the interaction term, respectively (Additional 
file 3). There were 200 proteins common to both Treat- 
ment Effect and Treatment x Day Interaction resulting in 
472 unique proteins affected by water deficit out of the 
942 proteins (50%). These 472 proteins affected by the 
water deficit were separated into four different clusters 
using the k-means/medians clustering algorithm in the 
MeV package (Figure 2). 

Cluster 1 consisted of 159 proteins that increased 
significantly on Day 4 and remained elevated for the 
remainder of the water deficit treatment. A large num- 
ber of GO biological process functional categories were 
overrepresented in this cluster (Additional file 4). The 
most significant category was photosynthesis based upon 
the p-value, followed by photorespiration and oxidation 
reduction. Other categories of interest included hexose 
metabolism, chromosome organization and oxidative 
stress (antioxidant) responses. 

Some representative examples of proteins of this cluster 
involving carbohydrate and energy metabolism (Figure 3) 
are oxygen evolving enhancer 1 (PSB02), phosphoglycer- 
ate kinase (PGK1), succinyl-CoA ligase, and sedoheptulose 



bisphosphatase (SBPASE). The abundance of these pro- 
teins was increased significantly at Day 4 in nonirrigated 
vines and remained elevated throughout the stress treat- 
ment. PSB02 stabilizes the catalytic Mn cluster of photo- 
system II and regulates the turnover of the Dl reaction 
center protein [12]. PGK1 catalyzes the reversible transfer 
of phosphate between 3-phosphoglycerate and ATP with 
1,3 bisphosphoglycerate and ADP in the Calvin-Benson 
cycle (photosynthesis), glycolysis and gluconeogenesis 
[13]. Succinyl-CoA ligase converts succinyl-CoA and ADP 
to succinate and ATP in the citric acid cycle and SBPASE 
is involved in the regeneration phase of the Calvin-Benson 
cycle [13]. 

Cluster 2 consisted of 52 proteins whose abundance im- 
mediately declined on Day 4 of the water deficit treat- 
ment. The major biological processes significantly over- 
represented in Cluster 2 included protein metabolism (e.g. 
translation, proteosomal, ribosomal and chaperone pro- 
teins, phosphorylation and deacetylation activities), and 
glycolysis (Additional file 5). Examples of proteins in this 
cluster (Figure 4) include a plasma membrane intrinsic 
protein (PIP1;4), Diminuto/DWFl, a 40S ribosomal 
protein (S3a) and pyruvate kinase (PK). PIP1;4 is a sub- 
class of aquaporins that have low water transport prop- 
erties in vitro, but may have interactive effects with 
PIP2 proteins which are known to transport water [14]. 
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Figure 2 Cluster analysis of the 942 proteins present in all shoot tip samples. NSAF stands for normalized spectral abundance factors, a 
measure of relative protein abundance. 
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Cluster 1 Examples 

Oxygen Evolving Enhancer 1 (F6I229) Phosphoglycerate Kinase (A5CAF8) 



-7.0- 
-7.5- 
-8.0- 
-8.5- 
-9.0- 
-9.5- 



Control 
Water Deficit 



Day 



— i — 

12 



— I 

16 



< 



-7.5- 
-8.0- 
-8.5- 
-9.0- 



-9.5- 




— I— 

12 



—I 

16 



Day 



Succinyl-CoA ligase (A5BF93) Sedoheptulose Bisphosphatase (D7TMH3) 



-10- 

-11- 

5 -12- 
Z 

CM 

f -13- 
-14- 
-15- 




12 



16 



^ -10- 



-11- 




— I 

16 



4 8 12 

Day Day 
Figure 3 The effect of water deficit on the relative abundance of representative proteins for Cluster 1. Data are the means ± SE; n = 3. 



Cluster 2 Examples 
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Figure 4 The effect of water deficit on the relative abundance of representative proteins for Cluster 2. Data are the means ± SE; n = 3. 
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The expression of grapevine aquaporins is correlated with 
the hydraulic conductance of the root and growth of the 
shoot [15]. Diminuto/DWFl is involved in brassinosteroid 
biosynthesis and plant growth [16]. Mutants of this gene 
have dwarf phenotypes. Applications of brassinosteroids 
to drought-stressed plants seem to improve plant re- 
sponses to water deficit in some plants [17] and a recent 
proteomic study implicated brassinosteroid biosynthesis 
in a response of a resurrection plant to dehydration [18]. 
The 40S ribosomal protein S3a is a structural subunit of 
the ribosome involved in protein translation in the cyto- 
plasm [19]. Pyruvate kinase catalyzes the conversion of 
phosphoenolpyruvate to pyruvate and is an important 
regulator of glycolysis [19,20]. 

The abundance of the 58 proteins in Cluster 3 pro- 
gressively increased during the water deficit treatment 
(especially on Day 12 and 16). Many of these proteins 
are involved in stress responses including response to re- 
active oxygen species, carbohydrate metabolism (e.g. glu- 
coneogenesis and glycolysis), and various transporters 
(Additional file 6). Representative examples of these pro- 
teins and their abundance profiles are shown in Figure 5 
including a plasma membrane intrinsic protein (PIP2;7) 
that is involved in water transport, catalase that is in- 
volved in antioxidant defense [21], malic enzyme that is 
involved in malate metabolism [22] and an ABA 



transporter, whose Arabidopsis ortholog transports ABA 
across the plasma membrane into guard cells and other 
plant cell types [23]. Additional interesting proteins were 
identified in the present and absent category, 00000011, 
including a dehydrin, a calcium dependent protein 
kinase, a peroxidase and a nitrate/chloride transporter 
(Additional file 1). 

Cluster 4 consisted of 203 proteins that progressively 
decreased in abundance during the stress and were pri- 
marily involved in protein metabolism (translation and 
folding) and amino acid metabolism (Additional file 7). 
However, there were many other processes affected, such 
as gene expression, carbohydrate and phenylpropanoid 
metabolism. Furthermore, 34 of the 125 missing proteins 
on Day 16 (key = 11111110) whose average spectral 
counts were substantially higher than zero matched this 
decreasing profile (see Additional File 1). Most of these 
proteins missing on Day 16 of the water deficit treat- 
ment fit into the general C metabolism category. 

Figure 6 displays four protein profile examples from 
Cluster 4. GCN1 (general control of amino acid biosyn- 
thesis) regulates the GCN2 kinase that regulates transla- 
tion elongation during amino acid starvation [24]. The 
60S ribosomal protein L3 is a subunit of the ribosome 
involved in translation. The proton pump interactor 1 
regulates the plasma membrane proton pump [25] and 
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Figure 5 The effect of water deficit on the relative abundance of representative proteins for Cluster 3. Data are the means ± SE; n = 3. 
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Figure 6 The effect of water deficit on the relative abundance of representative proteins for Cluster 4. Data are the means ± SE; n = 3. 



3-phosphoglycerate dehydrogenase is the first enzyme 
involved in the serine biosynthesis pathway [26]. 

To get a better understanding of the biochemical pro- 
cesses in the growing shoot tips of grapevines affected 
by water deficit over time, a large number of detected 
proteins were displayed in newly constructed metabolic 
maps that were based upon previously generated maps 
in AraCyc [27], KEGG [28], and VitisNet [29]. To more 
easily visualize the data, the protein data were expressed 
as a ratio of water deficit to control values of protein abun- 
dance in individual heat maps in mulitple metabolic path- 
ways, including photosynthesis -photorespiration (Figure 7), 
glycolysis (Figure 8), the TCA cycle and amino acid 
metabolism (Figure 9), ascorbate-glutathione metabolism 
(Figure 10) and phenylalanine biosynthesis (Figure 11). 
When multiple isozymes were present, the heat maps 
represent summaries of multiple isozymes when their 
patterns were similar. In other cases, when there were 
obvious differences in expression between isozymes, 
two of the most contrasting heat map patterns were 
displayed. The contrasting isozymes likely represent en- 
zymes in different locations and/or functions. For example, 
sucrose synthase (2.4.1.13; see Figure 8) in glycolysis is 
involved in sucrose catabolism in the cytoplasm, and also 
in cellulose biosynthesis at the inner surface of the plasma 
membrane. If no heat map is present for the enzyme then 
there were no data for this protein. 



Photosynthesis and photorespiration 

The abundance of proteins involved in photosynthesis 
and photorespiration were strongly affected by water 
deficit (Figure 7). The abundance of many photosyn- 
thesis proteins were increased by water deficit on Day 4, 
whereas proteins involved in photorespiration were in- 
creased in abundance on Day 12. One of the most 
strongly affected proteins was the ferredoxin-NADP re- 
ductase (EC 1.18.1.2) located on the thylakoid mem- 
branes at the end of the Photosystem I (PS I) electron 
transport chain. The abundance of this protein fitted 
into Cluster 1 and was increased by water deficit by Day 
4 and remained elevated compared to its control 
throughout the duration of the water deficit experiment. 
Othe proteins directly interacting or closely interacting 
with ferredoxin were also highly increased by water deficit 
including thioredoxin-f (Trx-f), superoxide dismutase 
(1.15.1.1), catalase (1.11.1.6), and peroxiredoxin (1.11.1.15). 
Glyceraldehyde-3-phosphate dehydrogenase (1.2.1.12) and 
sedoheptulose 1,7-bisphosphatase (3.1.3.37) of the Calvin- 
Benson cycle also had strong responses to water deficit. 
The abundance of most of the other photosynthetic pro- 
teins in the Calvin-Benson cycle were increased by water 
deficit on Day 4 but with varying patterns overtime 
(Figure 7). The abundance of the photorespiration pro- 
teins, glycolate oxidase (1.1.3.15), glycine dehydrogenase 
(1.4.4.2) and serine-glyoxylate aminotransferase (2.6.1.45) 
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(See figure on previous page.) 

Figure 7 The effect of water deficit on the photosynthesis and photorespiration pathways over time. The boxes represent protein 
expression levels of the ratio of water deficit treatment (WD) to control treatment (Ctr) as defined in the key. Boxes from left to right are ratios for 
Days 4 through 12. EC numbers for the following proteins are: 1.1.1.29 (glycerate dehydrogenase), 1.1.3.15 (glycolate oxidase), 1.2.1.12 
(glyceraldehyde-3-phosphate dehydrogenase), 1.4.4.2 (glycine dehydrogenase), 1.10.3.9 (photosystem II D2 protein), 1.10.9.1 (cytochrome b6-f 
complex iron-sulfur subunit), 1.11.1.6 (catalase), 1.11.1.15 (peroxiredoxin), 1.15.1.1 (superoxide dismutase), 1.18.1.2 (ferredoxin-NADP reductase), 
1.97.1.12 (photosystem I P700 chlorophyll a apoprotein), 2.1.2.1 (serine hydroxymethyltransferase), 2.2.1.1 (transketolase), 2.6.1.45 (serine-glyoxylate 
aminotransferase), 2.7.1.19 (phosphoribulokinase), 2.7.1.31 (glycerate kinase), 2.7.2.3 (phosphoglycerate kinase), 3.1.3.11 (fructose- 1,6- 
bisphosphatase), 3.1.3.18 (phosphoglycolate phosphatase), 3.1.3.37 (sedoheptulose-1,7-bisphosphatase), 4.1.1.39 (RuBisCo large subunit), 4.1.2.13 
(fructose-bisphosphate aldolase), 5.1.3.1 (ribulose-phosphate 3-epimerase), 5.3.1.1 (triosephosphate isomerase), 5.3.1.6 (ribose 5-phosphate 
isomerase), Trx-f (thioredoxin-f). 



were increased on Day 12 by water deficit (Cluster 3). 
However, two isozymes of serine hydroxymethyltransferase 
(2.1.2.1) were increased on Day 4: D7T5C1 in Cluster 1 
and F6GZK4 in Cluster 3; one isozyme, F6GWF3, was de- 
creased on Day 12 (Cluster 4). 

The increase of five key enzymes of the Calvin-Benson 
cycle indicates regulation by the ferredoxin-thioredoxin 
system [30]. Consistent with this, the abundance of a 
thioredoxin-f type protein (Trx-f, D7WPN1, additional 
file 1) was significantly increased throughout the water 
deficit treatment (Figure 7). Note that this protein was 
not included in the 942 protein dataset because peptides 
were absent from one of the replicates of the control, 
Day 16 treatment. Nevertheless the response was statisti- 
cally significant. Trx-f can regulate the enzymes of the 
Calvin-Benson cycle [30]. Trx-f is also known to activate 
peroxiredoxins (1.11.1.15), which were highly increased 
throughout water deficit as well (Figure 7). Thus, some 
of the earliest and largest responses to water deficit 
appear to be localized around the activities of ferredoxin 
at the end of the electron transport chain of PS L The 
activities are increased prior to any detectable decreases 
in physiological responses (growth and photosynthesis). 

Glycolysis 

Glycolysis is important for the production of energy and 
carbon skeletons of primary and secondary metabolites. 
Water deficit had significant effects on proteins involved 
in glycolysis (Figure 8). The abundance of a number of 
enyzmes were increased (hexokinase-1, glyceraldehye-3 
-phosphate dehydrogenase, triose phosphate isomerase, 
phosphoglycerate kinase, malate dehydrogenase and 
malic enzyme) or decreased (phosphoglycerate mutase, 
phosphoglucomutase, phosphofructokinase, and pyru- 
vate kinase) on Day 4. There are alternate forms of gly- 
colysis [20,21,31,32] used in different physiological 
conditions. Pyruvate kinase plays a critical role in the 
regulation of glycolysis [32]. The large decrease in pyru- 
vate kinase is consistent with a stimulation of an alter- 
nate pathway of glycolysis through phosphoenolpyruvate 
carboxylase (PEPC), malate dehydrogenase and malic 
enzyme (Figure 8). This alternate pathway of glycolysis is 
thought to be more efficient when plants are ADP- 



limited during stress [20,33]. In addition, PEPC is very 
important for the replenishment of metabolites to the 
tricarboxylic acid cycle (TCA) cycle that are used for 
biosynthetic processes [31,33]. 

The TCA cycle and the biosynthesis of glutamate, 
threonine, glycine and cysteine 

The TCA cycle is a central hub in plant metabolism, giv- 
ing rise to many primary and secondary metabolites in- 
cluding several intermediates involved in amino acid 
biosynthesis and nitrogen assimilation [34]. The protein 
abundance of most of the enzymes of the TCA cycle 
were increased by water deficit (Figure 9). Two keys 
steps for amino acid biosynthesis are the production of 
2-oxoglutarate by isocitrate dehydrogenase and oxaloac- 
etate by malate dehydrogenase giving rise to glutamate 
and aspartate, respectively. These enzymes are signifi- 
cantly increased by water deficit (Figure 9). Glutamate is 
an important intermediate for other amino acids, purines, 
glutathione, chlorophyll and catalase (Figure 9). Glutamate 
synthase (1.4.7.1; GOG AT) is a key step in nitrogen as- 
similation [34] and its abundance was very elevated by 
water deficit. Interestingly, GOG AT uses reduced ferre- 
doxin from PS I (also having an elevated protein abun- 
dance as described above) to convert one oxoglutarate 
and glutamine to two glutamates. The important antioxi- 
dant, glutathione, is a tripeptide synthesized from glutam- 
ate, cysteine and glycine. The abundance of proteins 
involved in the biosynthesis of all three of these amino 
acids was increased by water deficit. The protein abun- 
dance of threonine synthase (4.2.3.1) was highly increased 
by water deficit on Day 4 only. Threonine is used in the 
synthesis of glycine and pyridoxine (Vitamin B6); pyridox- 
ine can act as an antioxidant and can protect 
abiotically-stressed plants [35,36]. Note that the protein 
abundance of homoserine kinase (2.7.1.39) in the threonine 
biosynthesis pathway was highly increased by water deficit 
throughout the stress period. The serine biosynthesis path- 
way from 3-phosphoglycerate (see 3-phosphoglycerate de- 
hydrogenase; 1.1.1.95) was downregulated by Day 12 of 
the water deficit, but this reduction might be compen- 
sated by the increased protein abundance of serine 
hydroxymethyltransferase (2.1.2.1). Consistent with these 
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Figure 8 The effect of water deficit on glycolysis over time. The boxes represent protein expression levels of the ratio of water deficit 
treatment (WD) to control treatment (Ctr) as defined in the key. Boxes from left to right are ratios for Days 4 through 12. EC numbers for the 
following proteins are: 1.1.1.1 (alcohol dehydrogenase ), 1.1.1.37 (malate dehydrogenase), 1.1.1.40 (malic enzyme), 1.2.1.12 (glyceraldehyde-3- 
phosphate dehydrogenase), 2.4.1.13 (sucrose synthase), 2.7.1.1 (hexokinase-1), 2.7.1.1 1 (phosphofructokinase), 2.7.1.40 (pyruvate kinase), 2.7.2.3 
(phosphoglycerate kinase), 2.7.7.9 (UTP-glucose-1 -phosphate uridylyltransferase) 4.1.1.1 (pyruvate decarboxylase), 4.1.1.31 (phosphoenolpyruvate 
carboxylase), 4.1.2.13 (fructose-bisphosphate aldolase), 4.2.1.11 (enolase), 5.3.1.9 (glucose-6-phosphate isomerase), 5.4.2.1 (phosphoglycerate 
mutase), 5.4.2.2 (phoshoglucomutase), 5.3.1.1 (triose phosphate isomerase). 



proteomics results, water deficit increases the abundance 
of serine, glycine and glutamate in the shoot tips of grape- 
vine [9]. Interestingly, proteins involved in purine metab- 
olism were decreased in abundance (Additional file 1), 
perhaps contributing to a decrease in consumption of glu- 
tamate for this pathway and increasing glutamate supply 
for other pathways. 

Ascorbate-glutathione metabolism 

Consistent with the increased abundance of proteins in- 
volved with the biosynthesis of glycine, glutamate and cyst- 
eine and the H 2 0 2 scavengers, catalase and peroxiredoxins, 
the abundance of antioxidant defense proteins in the 
ascorbate-glutathione cycle were increased (Figure 10). 
Ascorbate peroxidase (1.11.1.11) was highly elevated at 
Day 4 and remained elevated compared to control there 
after. Glutathione peroxidase (1.11.1.9) was increased at 
Day 4 and fits into Cluster 3 with increasing elevation 
of abundance over time (except on Day 8). Both of 
these enzymes scavenge H 2 0 2 . Longer term effects at 
Day 12 appear to contribute to longer term production 
of ascorbate by increasing galactose metabolism to pro- 
duce ascorbate and decreasing tartrate biosynthesis to 
decrease ascorbate catabolism (Figure 10). The protein 
abundance of a UDP-glucose epimerase (5.1.3.2), which 
may be involved in the biosynthesis of galactose was 
increased and idonate dehydrogenase (1.1.1.264), a key 
step in ascorbate conversion to tartrate [37], was 
decreased by water deficit. 

Translation 

Proteins involved in translation were decreased in 
abundance by water deficit (Cluster 2 and 4). There 
was a decrease of the protein abundance of six riboso- 
mal proteins (A5ASC2, A5BUA6, A5BIA1, A5BHY1, 
F6HTT2, and F6GXM7) and one argynyl-tRNA synthe- 
tase (F6HGX8) on Day 4. These proteins are involved 
in translation and precede the detectable inhibition of 
shoot elongation by water deficit on Day 6 (see Cluster 
2 proteins in Additional file 5 and Figure 4). The abun- 
dance of additional proteins involved in translation 
were identified in Cluster 4 (Additional file 7). These 
include 19 ribosomal proteins, 6 tRNA synthetases, 5 
elongation factors, 3 subunits of eukaryotic translation 
initiation factor 3, a nascent polypeptide-associated 



complex (NAC), an alpha subunit family protein, and 
the GCN1 translational activator. 

Phenylpropanoid biosynthesis 

Phenylalanine is an important precursor of phenylpropanoids. 
The abundance of proteins involved in the shikimate pathway 
and the biosynthesis of phenylalanine were significantly 
decreased by water deficit (Figure 11). Phospho-2-dehydro- 
3-deoxyheptonate aldolase (2.5.1.54) is the first critical step 
for the shikimate pathway and phenylpropanoid biosyn- 
thesis [38] and its abundance was decreased significantly 
on Day 4 and throughout the water deficit (Figure 11). 
Phenylpropanoids are used in lignin biosynthesis, which 
represents a significant pathway (sink) for C and energy 
flow [38]. This pathway may be decreased to conserve C 
skeletons and energy for other pathways. Consistent with 
this hypothesis, lignin content was found to be decreased in 
drought-stressed maize leaves [39]. In addition, the abun- 
dance of chalcone synthase was decreased more than any 
other protein by water deficit (Additional file 1). Chalcone 
synthase is one of the key proteins regulating the biosyn- 
thesis of flavonoids, a subclass of phenylpropanoids that are 
involved in defense responses [40]. 

Summary of proteomic responses 

A summary of the proteomic responses of expanding 
grapevine shoot tips to water deficit is presented in 
Figure 12 to permit easy comparisons of the changes in 
the processes with time. These changes are displayed as a 
heat map for easy visualization. Physiological responses 
start at the top of the figure followed by increased and de- 
creased biochemical processes, respectively. One of the 
earliest responses to water deficit was the up-regulation of 
photosynthesis and antioxidant defenses. In addition there 
were simultaneous decreases in growth-related processes, 
such as protein synthesis (translation), brassinosteroid 
biosynthesis and water transport. These growth related 
processes very likely led to decreased cell wall biosyn- 
thesis, redirecting C flow to other pathways. Consistent 
with this hypothesis was the decreased abundance of two 
different cellulose synthase A subunits (F6H311 and 
F6HB61; Additional file 1) by water deficit, which com- 
pletely disappeared on Day 12 and Day 16 of the stress 
treatment (the abundance was below the level of detec- 
tion). Recall that one of the isozymes of sucrose synthase, 
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Figure 9 The effect of water deficit on the TCA cycle, glutamate, glycine, serine, threonine and cysteine biosynthesis pathways over 
time. The boxes represent protein expression levels of the ratio of water deficit treatment (WD) to control treatment (Ctr) as defined in the key. 
Boxes from left to right are ratios for Days 4 through 12. EC numbers for the following proteins are: 1.1.1.3 (homoserine dehydrogenase), 1.1.1.37 
(malate dehydrogenase), 1.1.1.40 (malic enzyme), 1.1.1.41 (isocitrate dehydrogenase), 1.1.1.95 (D-3-phosphoglycerate dehydrogenase), 1.2.1.11 
(aspartate-semialdehyde dehydrogenase), 1.2.1.12 (glyceraldehyde-3-phosphate dehydrogenase), 1.2.4.1 (pyruvate dehydrogenase E1 component 
subunit alpha), 1.3.5.1 (succinate dehydrogenase), 1.4.1.2 (glutamate dehydrogenase), 1.4.7.1 (ferredoxin-dependent glutamate synthase), 2.1.2.1 
(serine hydroxymethyltransferase), 2.3.1.30 (serine O-acetyltransferase), 2.3.3.1 (citrate synthase), 2.5.1.47 (cysteine synthase), 2.6.1.1 (aspartate 
aminotransferase), 2.6.1.52 (phosphoserine aminotransferase), 2.7.1.39 (homoserine kinase), 2.7.1.40 (pyruvate kinase), 2.7.2.3 (phosphoglycerate 
kinase), 2.7.2.4 (aspartate kinase-homoserine dehydrogenase), 3.1.3.3 (phosphoserine phosphatase), 4.1.2.5 (threonine aldolase), 4.2.1.2 (fumarate 
hydratase), 4.2.1.3 (aconitate hydratase), 4.2.1.11 (enolase), 4.2.3.1 (threonine synthase), 5.4.2.1 (phosphoglycerate mutase), 6.2.1.5 
(succinyl-CoA ligase). 



which may be a part of the cellulose biosynthetic appar- 
atus, was also decreased by water deficit (see Figure 8). 
Two stress-responsive proteins, a universal stress protein 
(F6H727) and a major latex protein (F6HFH0) were also 
noteworthy; their abundance was highly increased by 
water deficit from Day 4 to Day 16. Two stress hormone 
responses in addition to the brassinosteroids response 
were also detected. The abundance of an ACC oxidase, 
which is the last step in ethylene biosynthesis was in- 
creased throughout the water deficit and the abundance 
of an abscisic acid (ABA) transporter was increased on 
Day 12 and 16 of the water deficit treatment. 

Discussion 

Proteomic analyses in this study indicated that the 
proteome was dynamic, changing early in response to 
water deficit. More than 200 protein profiles changed 
prior to any detectable changes in growth or photosyn- 
thesis in response to water deficit. 

Inhibition of growth 

The inhibition of shoot or cell elongation is one of the 
most sensitive responses to water deficit and generally 
precedes the inhibition of photosynthesis [41-47]; how- 
ever, in this study we could not distinguish the differ- 
ence between the initial start in the decrease of growth 
and photosynthesis; growth and photosynthesis appeared 
equally sensitive to water deficit. Unlike osmotic shock 
treatments, the gradual application of stress in this ex- 
periment enabled the gradual progression of events to 
be evaluated. In three previous reports [8,9,47], shoot 
elongation was shown to be very sensitive to water def- 
icit, decreasing before decreases in stem water potential 
were statistically detectable. Water-deficit at equivalent 
water potentials has a greater initial impact than salinity 
on shoot elongation of grapevines [9]. 

Interestingly, there was an early decrease in abundance 
of the brassinosteroid biosynthesis protein, Diminuto/ 
DWFl(Day 4; Figure 5), preceding the inhibition of shoot 
elongation by water deficit (Day 6; Figure 1). This is a novel 
and intriguing observation. Knockouts of the Diminuto/ 
DWF1 gene cause a dwarf phenotype in Arabidopsis [18]. 



The Diminuto/DWFl gene was cloned in grapes and 
shown to be associated with brassinosteroid biosynthesis in 
grape berries [48]. It is not known if steroid concentrations 
change in response to water deficit in grapevine. Another 
protein that may affect growth was the decrease in protein 
abundance of an aquaporin (PIP1;4) on Day 4 that may 
regulate water uptake into the shoot tip. 

Inhibition of translation 

Like growth, protein synthesis is very sensitive to water 
deficit [41,49-52], but it has been difficult to assess 
whether or not a decrease in growth preceded a decrease 
in translation or vice versa. In the present study there 
was a clear decrease of the protein abundance of 
multiple ribosomal proteins and an aminoacyl t-RNA 
synthase that are involved in translation on Day 4. 
Again, the decrease in protein abundance preceded the 
detectable inhibition of shoot elongation by water deficit 
on Day 6 (see Cluster 2 proteins in Additional file 5 and 
Figure 4). 

Effects on photosynthesis 

In the present study, the abundance of numerous 
photosynthesis-related proteins was increased (Additional 
file 4 and Figure 7) by Day 4 prior to the inhibition of 
photosynthesis (Figure 1). Note some caution in interpret- 
ation of these data is warranted, because proteins and 
photosynthesis were measured on different leaves. The 
proteins were extracted from the growing shoot tip which 
contained immature leaves that were largely acting as 
sinks, however some of these leaves of the growing shoot 
tip were most likely active in photosynthetic function and 
probably responded in a similar manner as the fully 
mature leaves. The photosynthesis measurements were 
measured on the first, fully-expanded leaf adjacent to the 
growing tip, acting as a source rather than a sink. Many of 
the identified photosynthetic proteins in the growing 
shoot tip function in light harvesting, carbon fixation, 
photosystem II, photosystem repair, and the regulation of 
light reactions. 

The transcript profiles of most of the genes encoding 
these proteins in the shoot tip did not correlate with the 
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Figure 10 The effect of water deficit on ascorbate-glutathione metabolism over time. The boxes represent protein expression levels of the 
ratio of water deficit treatment (WD) to control treatment (Ctr) as defined in the key. Boxes from left to right are ratios for Days 4 through 12. EC 
numbers for the following proteins are: 1.1.1.122 (D-arabinose 1 -dehydrogenase), 1.1.1.264 (L-idonate 5-dehydrogenase), 1.3.2.3 (L-galactono-1,4- 
lactone dehydrogenase), 1.6.5.4 (monodehydroascorbate reductase), 1.8.1.7 (glutathione reductase), 1.8.5.1 (dehydroascorbic reductase), 1.10.3.3 (L- 
ascorbate oxidase), 1.1 1.1.9 (glutathione peroxidase), 1.1 1.1.1 1 (L-ascorbate peroxidase), 2.5.1.18 (glutathione S-transferase PARB), 2.7.1.6 
(galactokinase), 2.7.7.69 (GDP-L-galactose phosphorylase), 5.1.3.2 (UDP-glucose 4-epimerase), 5.1.3.18 (GDP-mannose 3,5-epimerase), 6.3.2.2 
(glutamate-cysteine ligase), 6.3.2.3 (glutathione synthase). 



protein profiles (unpublished results). In fact, there were 
no statistically significant changes induced by stress in 
any transcript profiles until Day 8 in a previous experi- 
ment [9], when growth is significantly inhibited and 
stem water potentials have significantly declined. The 
data indicate that the early changes in protein abun- 
dance of photosynthetic enzymes are involved in photo- 
synthetic maintenance and repair and that no real 
impairment of photosynthesis is occurring at that time 
(an elastic strain rather than a plastic strain as defined 
by Levitt [53]). This argument is supported by a short- 
term stress experiment comparing chilling to osmotic 
stress in the shoot tips of Cabernet Sauvignon [54], which 
indicated that photosynthetic mechanisms could be 
repaired in a short-term osmotic stress, but repair mecha- 
nisms were inhibited in a short-term chilling stress. 

Similar metabolic acclimation occurs in Arabidopsis [45]. 
While there were no significant decreases in photosynthesis 
by mild water stress, because of the decreased growth there 
was an actual increase in carbon availability for the produc- 
tion of low molecular weight metabolites such as proline, 
organic acids (malate and fumarate) and hexoses. Further- 
more, enzyme activities were elevated by water deficit to 
maintain photosynthesis and glycolysis [45]. 

Water stress inhibits photosynthesis in two stages [55]. 
In the first stage, photosynthesis is primarily limited by 
C0 2 diffusion. In the second stage, as the stress becomes 
more severe, metabolic inhibition occurs. Associated 
with this metabolic impairment is an increase in the ac- 
tivity of antioxidant mechanisms [56]. In the present 
proteomics study, clear increases in antioxidant defenses 
were detected on Day 4, well before a decline in photo- 
synthesis or growth. In a previous transcriptomics and 
metabolomics study [9], a clear increase in antioxidant 
mechanisms occurred starting at Day 12. In the tran- 
script and metabolite profiles of the previous study, 
water-deficit-stressed plants were more strongly affected 
than salt-stressed plants. The data indicate that plants 
exposed to water-deficit are subject to more reactive 
oxygen species (ROS) and photoinhibition than salt- 
stressed plants. It appears that the increase in the me- 
tabolites, glucose, glutamate, glycine, proline and malate, 
and the large increase in transcripts involved in photo- 
respiration and antioxidant proteins at Day 12 facilitate 
osmotic adjustment, ROS detoxification and protection 



against photoinhibition in these severely water-stressed 
plants. In particular, glutamate appears to be a central 
metabolite in this response as it is used in many meta- 
bolic pathways involved in the grapevine response to 
water deficit including amino acid metabolism (y-amino- 
butyric acid (GABA), proline, glycine, etc.), nitrogen 
assimilation, and the biosynthesis of catalase, glutathi- 
one, and chlorophyll. Glutamate metabolic flux appears 
to drive GABA production more than proline in water- 
deficit stressed tobacco and GABA provides greater pro- 
tection against ROS than proline [57]. 

Adjustments in glycolysis 

Environmental stresses can cause subtle adjustments in 
glycolysis in plants [20,45]. Two major functions of gly- 
colysis are to produce energy and the building-blocks 
needed for biochemical synthesis. There are multiple 
ways that this pathway can be finely controlled including 
pH, substrate concentrations, metabolite effector con- 
centrations and protein modification [20]. Such adjust- 
ments in glycolysis have been observed with hypoxia 
and nutrient deprivation [20,32,33]. We could not find 
any studies on the effect of water deficit on an alternate 
pathway of glycolysis involving pyruvate kinase and 
PEPC. In arabidopsis leaves, steady-state water deficit in- 
creased the activity of pyruvate kinase and PEPC [45]. 
Overall activities in the enzymes of the TCA cycle were 
maintained during water deficit, but alternate paths of 
glycolysis were not discussed. There was an increase in 
C supply in the plants, which was attributed to a reduc- 
tion of growth before photosynthesis. Alternative oxi- 
dase in respiration is another alternate pathway affected 
by water deficit [58,59]. The changes in an alternate gly- 
colysis observed here in grapevine may allow energy to 
be used more efficiently [20] and may contribute to an 
increased flux of glutamate through various metabolic 
pathways. 

Protein activity 

Protein amount does not necessarily equate to protein 
activity. Many proteins are affected by post-translational 
modifications such as phosphorylation. A large number 
of key regulatory proteins in central C and amino acid 
metabolism have altered phosphorylation states depend- 
ing on environmental conditions [60]. Furthermore, 
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Figure 11 The effect of water deficit on the phenylalanine and tryptophan biosynthesis pathways over time. The boxes represent protein 
expression levels of the ratio of water deficit treatment (WD) to control treatment (Ctr) as defined in the key. Boxes from left to right are ratios for 
Days 4 through 1 2. EC numbers for the following proteins are: 2.4.2.1 8 (anthranilate phosphoribosyltransferase), 2.5.1 .1 9 (3-phosphoshikimate 
1-carboxyvinyltransferase), 2.5.1.54 (Phospho-2-dehydro-3-deoxyheptonate aldolase), 2.6.1.57 (aromatic-amino-acid transaminase), 2.7.1.71 
(shikimate kinase), 4.1.1.48 (indole-3-glycerol phosphate synthase), 4.1.2.8 (indole-3-glycerol-phosphate lyase), 4.1.3.27 (anthranilate synthase), 
4.2.1.51 (prephenate dehydratase), 4.2.1.122 (tryptophan synthase), 4.2.3.4 (3-dehydroquinate synthase), 4.2.3.5 (chorismate synthase), 4.2.1.10 
1.1.1.25 (3-dehydroquinate dehydratase / shikimate dehydrogenase), 5.3.1.24 (phosphoribosylanthranilate isomerase), 5.4.99.5 (chorismate mutase). 
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Figure 12 A summary of the effects of water deficit on physiological and metabolic processes over time. The boxes represent the ratio 
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4 through 12. 
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there are significant changes in the phosphoproteome of 
growing maize leaves in response to water deficit [47]. 
Many of the proteins detected in the present grapevine 
study are regulated by phosphorylation including hexoki- 
nase, phosphofructokinase, pyruvate kinase, PEPC, citrate 
synthase, threonine synthase, and 3-phosphoglycerate de- 
hydrogenase to name but a few. Therefore additional inves- 
tigations are necessary to determine the phosphorylation 
status of these enzymes and their activity to further clarify 
their role in metabolism during water deficit. 

Comparisons to other plant proteomics studies of water 
deficit 

There are quite a few studies on the proteomics re- 
sponse of plants to water deficit [61] most of which have 
been performed with 2-D gel electrophoresis. Several 
studies indicate an effect of water deficit on photosyn- 
thetic enzymes and C metabolism [8,62-65], antioxidant 
defenses [66-71], and protein synthesis [72]. 

In grapevine, a proteomics analysis of water deficit and 
salinity on shoot tips [8] showed that the inhibition of 
shoot elongation was correlated with the inhibition of 
proteins involved in photosynthesis, protein synthesis 
and protein fate. Many of the enzymes affected by water 
deficit in the present study were not affected signifi- 
cantly by water deficit in the previous study. The lack of 
significance may be due to the relatively large CV found 
when using 2-D PAGE, which has an average CV of ap- 
proximately 50% (unpublished results), wherease the CV 
in the present study using nanoLC-MS/MS was only 9%. 
The high CV makes it much more difficult to detect 
statistical significance even though the treatment effects 
may be real. 

In drought-stressed grape berry skins [73], similar to 
the present study on shoot tips, long-term water deficit 
increased the abundance of ascorbate peroxidase. In the 
berry pulp, the abundance of glutamate decarboxylase 
was increased by water deficit. Glutamate decarboxylase 
was decreased by water deficit (Cluster 4) in shoot tips 
in the present study. The study on berry tissues indicates 
that there are differential responses to water deficit de- 
pending on the tissue; this is likely related to the func- 
tion of the tissue or organ. 

One proteomics study shows clear root signaling in 
rice in response to water deficit [71]. A split-root design 
was used to analyze the effects of water deficit on both 
the well-watered and water-deficit treated roots. A num- 
ber of proteins were up-regulated in the well-watered 
split roots of rice as compared to ordinary well-watered 
roots; that is the well-watered split roots were receiving 
signals from the water-deficit-treated split roots. One of 
the proteins up-regulated in the well-watered split roots 
was a universal stress protein and a number of proteins 
involved in ROS defense, including several in the 



ascorbate-glutathione cycle. This is very similar to the 
early responsive proteins of grapevine shoot tips in the 
present study. 

There are significant changes in the xylem sap proteome 
of maize in response to water deficit [74]. Proteins associ- 
ated with cell wall metabolism and biotic defense response 
increased in abundance in response to water deficit after 
changes in stomatal conductance including cell wall per- 
oxidases. Interestingly, several metabolites changed early 
in the xylem sap before decreasing stomatal conductance 
including ABA, malate and some amino acids. 

In a very similar experimental design to the present 
study, the abundance of phosphoproteins in growing 
maize leaves was affected by mild and severe water def- 
icit [47]. One difference in the experimental design to 
the present study was that the first sampling occurred 
soon after growth inhibition, not before. In addition, the 
rate of dehydration was faster than the present study 
with mild water deficit occurring after 1 day and severe 
water deficit occurring after 4 days. In addition, a rehy- 
dration response was also investigated in the maize 
study. The phosphoproteomics response to water deficit 
and rehydration was very dynamic, affecting 132 out of 
1235 reproducible phosphopeptides. The top three func- 
tional categories affected were chromosome remodeling, 
cell expansion and phytohormone signaling, respectively. 
Early stress responsive phosphoproteins were involved in 
cell division and cell wall biosynthesis. Upon rewatering, 
there were rapid responses in phosphoproteins involving 
ABA, ethylene and jasmonate signaling. 

Speculation on root signals and feedforward mechanisms 

The change in protein abundance prior to any detectable 
changes in physiology in response to water deficit in the 
present grapevine study may indicate a feedforward 
mechanism caused by hormone and/or hydraulic signals 
from the root [75-80]. Tall and narrow tree pots were 
used in this study. These pots would allow a water gradi- 
ent to form in the pot; the upper roots would dry out 
first. Roots in the bottom of the pot, where most of the 
roots are located, would continue transporting water to 
the shoot tips to supply enough water for shoot elong- 
ation. The signal would have been produced in the root 
tips that were drying out in the upper portion of the pot. 

ABA has been described as such a feedforward signal 
from drying root tips that prematurely closes stomates 
to reduce water loss from the soil in advance of water 
deficit [79,80], however in the present study stomatal 
conductance decreased after changes in protein metabol- 
ism. A hydraulic signal due to a changing water potential 
gradient [77,80,81] is another possibility, however, this 
gradient would have to be small, because it did not 
significantly affect shoot elongation. A third possibility 
is a long-distance ROS signal that was elegantly 
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demonstrated to respond rapidly to various biotic and abi- 
otic stresses [82,83]. It remains to be demonstrated if slow 
drying of root tips could trigger such a signal It is possible 
that ferredoxin may be an early target of such ROS signal- 
ing because the abundance of a number of antioxidant pro- 
teins that interact with ferredoxin were some of the most 
highly increased by water deficit on Day 4. Future experi- 
ments with greater time resolution are needed to test these 
signaling hypotheses. 

Conclusions 

In summary, the analyses of protein profiles have provided 
a deeper insight into the response of water-deficit-stressed 
plants. In this study, the quantitative proteomic analysis of 
grapevine shoot tips exposed to water deficit indicated 
that stress affected many proteins involved in metabolism, 
energy (photosynthesis, glycolysis and respiration), anti- 
oxidant defense and protein fate (protein synthesis, folding 
and degradation). Many of these changes may represent 
acclimation responses, occurring prior to any detectable 
changes in shoot elongation and photosynthesis. Early 
changes in protein abundance in response to stress 
occurred with photosynthesis, translation-, growth- and C 
metabolism that might be affected by phosphorylation. 
Many other proteins are known to be regulated by ROS 
and ferredoxin-thioredoxin signaling. These early and 
massive proteomic responses to water deficit indicate that 
there was an increase in C metabolism and energy pro- 
duction, shifting away from growth and toward protective 
antioxidant defenses. Longer-term effects on protein 
abundance indicated that more severe water deficit im- 
pacted additional processes involving photorespiration, 
stress responses, protein fate and cellular defense. 

Methods 

Plant material and experimental conditions 

Plant material and experimental conditions along with 
physiological assays have been described in detail in previ- 
ous publications [5,9]. Briefly, two-year-old rooted cut- 
tings of dormant Vitis vinifera cv. Cabernet Sauvignon 
clone 8 were grown in 13.3 liter pots containing approxi- 
mately 10 L Super Soil® potting mix supplemented with 
slow release fertilizer. Plants were grown in a greenhouse 
on a 16 h light (26°C, minimum 400 uE m" 2 s -1 )/8 h dark 
(18°C) cycle supplemented with illumination from sodium 
vapor lamps. Vines were irrigated daily with tap water 
(control) or not irrigated at all (water deficit). 

Growth was measured repeatedly on five independent 
biological replicates that were harvested 16 days after 
the start of the experiment. Elongating shoot tips of 3 
individual biological replicates for each time point (Day 
4, 8, 12, and 16) and treatment (control and water 
deficit) were harvested and frozen immediately in liquid 
nitrogen in preparation for protein extraction. Elongating 



shoot tips consisted of the shoot apex, stems, tendrils and 
the first four immature leaves. Photosynthesis and stoma- 
tal conductance were measured with a LI-6400XT port- 
able photosynthesis system (LI-COR, Lincoln, NE, USA) 
on the first fully expanded leaf (leaf number 6 from the 
apex) adjacent to the shoot tip. 

Proteins were extracted from frozen, finely-ground 
shoot tip samples using a phenol-based extraction proto- 
col [10]. In preparation for gel-free shotgun proteomics, 
protein pellets were Lys-C- and trypsin-digested using a 
modified method (A. Apffel, personal communication) 
of the Filter-Aided Sample Preparation (FASP) methods 
[84,85]. The modified FASP uses trifluoroethanol (TFE) 
instead of urea to denature proteins. Protein extracts 
(250 ug each) were dissolved in 200 uL 50% TFE, 0.1 M 
ammonium bicarbonate, 50 mM dithiothreitol (DTT) 
and concentrated to -20 uL in Amicon Ultra 0.5 mL 
10K ultrafiltration devices (Millipore). Then 100 uL 50% 
TFE, 0.1 M ammonium bicarbonate (ABC), 50 mM 
iodoacetamide was added to the devices, incubated at 
room temperature 1 h, followed by centrifugation 
(14,000 g, 45 min). The alkylated proteins were then 
washed five times in the ultracentrifugation devices with 
200 uL 50% TFE, 0.1 M ABC. To the -20 uL retentates, 
45 uL 50% TFE, 0.1 M ABC was added, then 2.5 ug 
Lys-C (Wako) from a 0.5 |ig/uL stock solution. Follow- 
ing overnight incubation at 28°C, 350 uL 20% aceto- 
nitrile (CAN), 50 mM ABC was added to each digest, 
followed by 2.5 uL of 1 |ig/uL modified trypsin 
(Promega). The trypsin digests took place at 37°C for 
two hours, then they were stopped with 10 uL 50% 
formic acid. The resulting peptides were passed through 
the ultrafiltration membranes by centrifugation (14,000 g, 
45 min), followed by a 150 uL rinse of the UF devices with 
50% ACN, 2% formic acid. The peptide filtrates were 
concentrated by Speedvac to near-dryness, then 
reconstituted in 12.5 uL 40% formic acid, 10% TFE and 
diluted for LC-MS/MS with 60 uL water. 

LC-MS/MS spectra were acquired from 3 biological rep- 
licates per treatment and timepoint by a sample-optimized 
gas phase fractionation (GPF) method (similar to [86]) on 
an LTQ XL mass spectrometer (Thermo). Chromatog- 
raphy was performed on a Surveyor autosampler/LC sys- 
tem (Thermo) and 0.3 x 150 mm PLRP-S column (3 um, 
100 A, Agilent) interfaced with the mass spectrometer by 
an Advance captive spray source (Michrom). Each sample 
(10 uL injections) was separated by four 180 min LC-MS 
/MS runs at 5 uL min" 1 differing only in precursor m/z 
ranges. The m/z ranges for four gas phase fractions per 
sample were optimized empirically by analyzing a mixture 
of pooled samples from m/z 400-2000, then creating GPF 
fractions to approximately evenly distribute peptide obser- 
vations among the four fractions. Using data dependent 
acquisition of MS/MS spectra of the most abundant six 
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peaks per MS scan (with dynamic exclusion), the analysis 
time of 12 h per sample produced approximately 118,000 
MS/MS spectra per sample. 

A protein database was compiled from three sources 10 
September 2011: 1) all reviewed V. vinifera protein entries 
in UniProt (151 sequences); 2) V. vinifera proteins pre- 
dicted by the International Grape Genome Program (29749 
sequences identified by UniProt search "Taxonomy:29760 
AND author:vitulo AND reviewedno"); 3) mitochondrial 
proteins associated in UniProt with [87] and [88] (81 non- 
redundant sequences). 

Spectrum-peptide matching was performed with X! 
Tandem and the GPM Cyclone (www.thegpm.org) in au- 
tomated mode using MudPit merging. Default ion trap 
parameters were used with the exceptions of MS error 
(+3, -1 Da), the inclusion of point mutations, the inclusion 
of reversed sequences, and a protein expect value of -1. 
Approximately 27,000 spectra per sample were assigned 
to peptides. 

Normalized spectral abundance factors (NSAF) were 
calculated according to Zybailov et al. [89]. Protein iden- 
tifications were filtered and protein and peptide FDRs 
calculated according to Gammulla et al. [90]. Protein 
identifications were excluded if they did not match at 
least one spectrum in all three biological replicates and 
at least a total of six spectra among the replicates. The 
protein false discovery rate was 0.57% and the peptide false 
discovery rate was 0.056%. The mass spectrometry proteo- 
mics data have been deposited to the ProteomeXchange 
Consortium (http://proteomecentral.proteomexchange.org) 
via the PRIDE partner repository [91] with the dataset 
identifier PXD000123. 
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